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Abstract 

Triptolide, the major active component of Tripterygium wilfordii Hook f. (TWHF), has a wide range of pharmacological 
activities. However, the toxicities of triptolide, particularly the hepatotoxicity, limit its clinical application. The hepatotoxicity 
of triptolide has not been well characterized yet. The aim of this study was to investigate the role of NF-E2-related factor 2 
(Nrf2) in triptolide-induced toxicity and whether activation of Nrf2 could protect against triptolide-induced hepatotoxicity. 
The results showed that triptolide caused oxidative stress and cell damage in HepG2 cells, and these toxic effects could be 
aggravated by Nrf2 knockdown or be counteracted by overexpression of Nrf2. Treatment with a typical Nrf2 agonist, 
sulforaphane (SFN), attenuated triptolide-induced liver dysfunction, structural damage, glutathione depletion and decrease 
in antioxidant enzymes in BALB/C mice. Moreover, the hepatoprotective effect of SFN on triptolide-induced liver injury was 
associated with the activation of Nrf2 and its downstream targets. Collectively, these results indicate that Nrf2 activation 
protects against triptolide-induced hepatotoxicity. 
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Introduction 

Triptolide, a diterpenoid triepoxide extracted from the Chinese 
herb Tripterygium wilfordii Hook f. (TWHF), is the major active 
component and the quality control standard of TWHF [1,2]. 
Triptolide has exihibited multiple pharmacological activities, such 
as anti-inflammatory, immune modulation, antiproliferative and 
proapoptotic activity [3,4,5]. The extracts of TWHF containing 
triptolide have been used for the therapy of inflammation and 
autoimmune diseases including rheumatoid arthritis, immune 
complex nephritis and systemic lupus erythematosus [6,7]. 
However, it is well known that triptolide has small margin 
between the therapeutic and toxic doses and could cause serious 
toxicity on digestive, reproductive, urogenital and blood circula- 
tory systems [8]. 

Among all the organs, liver is one of the most remarkable targets 
of triptolide-induced toxicities. In recent years, many studies have 
shown that various extracts of TWHF containing triptolide could 
lead to liver injury in animals and humans [9,10]. An acute 
toxicity study in mice suggested that liver injury is the main cause 
of triptolide-induced extraordinary mortality [1 1]. Furthermore, a 
pharmacokinetic study in rats has shown that the concentrations of 
triptolide in liver exceed those observed in other tissues [12]. 
Although the hepatotoxicity of triptolide has already been 



reported [13,14,15], the implied mechanism has not been fully 
elucidated yet, and there is still no available strategies in clinic to 
prevent or alleviate triptolide-induced liver injury. 

It was reported in several studies that a possible mechanism for 
triptolide-induced hepatotoxicity was related to oxidative damage 
induced by reactive oxygen species (ROS) [13]. Cellular responses 
to oxidative stress are regulated by a redox-sensitive transcription 
factor, NF-E2-related factor 2 (Nrf2) [16]. In normal physiological 
conditions, Nrf2 is anchored in the cytoplasm by Kelch-like ECH- 
associated protein 1 (Keapl), which also mediates proteasomal 
degradation of Nrf2. Oxidative and electrophilic stresses cause 
dissociation of Nrf2 from Keap 1 and lead Nrf2 to translocate into 
the nucleus where it can bind to the Antioxidant Response 
Element (ARE), a cis-acting element on the promoter of multiple 
cytoprotective genes. Binding to ARE results in transactivation of 
these ARE-bearing genes [17,18]. Typical Nrf2-target genes 
include xenobiotic-metabolizing enzymes [e.g., glutathione-S- 
transferases and NAD(P)H:quinine oxidoreductase 1 (NQOl)] 
and antioxidant-related enzymes [e.g., heme oxygenase- 1 (HO-1) 
and glutamate cysteine ligase (GCL)] [19]. The Nrf2-ARE 
pathway plays a pivotal role in cellular protection against oxidative 
damage. Our previous study revealed that Nrf2 played a protective 
role against triptolide-induced cytotoxicity in rat kidney cells 
through the counteraction to oxidative stress [20] . However, there 
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is no report currently on the role of Nrf2-ARE defense in 
triptolide-induced hepatotoxicity. 

In the present study, human hepatocellular liver carcinoma cell 
line (HepG2) was employed to investigate the role of Nrf2 in 
triptolide-induced hepatotoxicity. A typical Nrf2 agonist (sulfo- 
raphane, SFN) was also employed to determine whether activation 
of Nrf2 could protect against triptolide-induced acute liver injury 
in BALB/C mice. This study reveals that activation of Nrf2 
protects against triptolide-induced hepatotoxicity, and suggests 
that SFN is a promising agent in protecting livers from triptolide- 
induced damages. 

Materials and Methods 

Ethics statement 

All animal experiments described in this paper have been 
conducted in strict accordance with the recommendations in the 
Guide for the Care and Use of Laboratory Animals of Sun Yat-sen 
University. The protocol was approved by the Animal Ethical and 
Welfare Committee of Sun Yat-sen University (Approval No: 
IACUC2012-0902). All procedures were performed under Ure- 
thane anesthesia, and all efforts were made to minimize suffering. 

Chemicals and reagents 

Triptolide (>99% purity) was purchased from DND Pharm- 
Technology Co. (Shanghai, China). 3-(4, 5-dimethylthiazol-2-yl)- 
2, 5-diphenyl-tetrazolium bromide (MTT) was purchased from 
MP Biomedicals (Santa Ana, CA, USA). Sulforaphane (SFN, > 
98% purity) was purchased from Enzo Life Sciences (Lausen, 
Switzerland). Anti-NQOl antibody was purchased from Sigma- 
Aldrich (St. Louis, MO, USA). Anti-Nrf2 antibody, anti-GCLC 
antibody and anti-HO-1 antibody were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Histone H3 
antibody and anti-P-actin antibody were purchased from Cell 
Signaling Technology (Beverly, MA, USA). Other chemicals were 
of analytical grade from commercial suppliers. 

Cell culture 

HepG2 cells were obtained from the American Type Culture 
Collection (ATCC, USA) and cultured in Dulbecco's modified 
Eagle's medium (DMEM, HyClone, Logan, Utah, USA) supple- 
mented with 10% fetal bovine serum (FBS, HyClone, Logan, 
Utah, USA) and antibiotics (50 U/mL of penicillin and 50 |J,g/mL 
streptomycin). The cells were grown in a humidified incubator 
with 5% CO z at 37°C. 

MTT assay 

HepG2 cells were seeded in a 96-well plate at an initial density 
of 2.5 xlO 3 cells/well. Twenty-four hours later, the cells were 
treated with control (0.1% DMSO) or various concentrations of 
triptolide for 6, 1 2, and 24 h. Following treatment, the cells were 
incubated with 5 mg/mL MTT tetrazolium for 4 h at 37°C. The 
resulting violet formazan precipitate was solubilized with DMSO 
(150 uL). After gently shaking at 37°C for 10 min, the absorbance 
of the dissolved formazan grains within the cells was measured at 
492 nm using a microplate reader (Thermo Multskan Ascent 354, 
USA; Thermo Labsystems, Helsinki, Finland). 

Lactate dehydrogenase (LDH) leakage assay 

HepG2 cells were seeded in 24-well plates at a density of 4xl0 4 
cells/well and treated with different concentrations of triptolide for 
24 h. Cell viability was then assessed by determining the release of 
LDH from the cells using a LDH Detection Kit (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) 



according to the manufacturer's protocol. Enzyme activity was 
expressed as the percentage of extracellular LDH activity relative 
to the total LDH activity. 

Determination of intracellular ROS 

The fluorescent probe DCFH-DA was used to determine the 
intracellular accumulation of ROS. Briefly, HepG2 cells were 
seeded in 96-well black plates at a density of 4xl0 3 cells/well, 
incubated overnight, and then exposed to triptolide (10, 20, 40, 
80 nM) for 6 h. After treatment, the cells were washed with PBS 
and then stained with DCFH-DA (10 uM) for 30 min at 37°C. 
The cells were then washed three times with PBS, and the 
fluorescent intensity of the cells was measured by a Monochro- 
mator-Based Multimode Microplate Reader (Infinite Ml 000, 
TECAN, Switzerland) at an excitation wavelength of 488 nm 
and emission wavelength of 525 nm. The raw data from each 
individual experiment were normalized to vehicle-treated cells. 

Determination of intracellular Glutathione (GSH) 

For the measurement of GSH content, HepG2 cells (2.5 xlO 5 
cells/well) were seeded in 6-well plates and grown overnight. After 
exposure to triptolide (10, 20, 40, 80 nM) for 6 h, the treatment 
cell pellets were lysed by ultrasonication. Following centrifugation 
(4xl0 3 g for 10 min at 4°C), the supernatant (cell extract) was 
maintained on ice until assayed for the cellular GSH by a GSH 
Detection Kit (Nanjing Jiancheng Bioengineering institute, Nanj- 
ing, Jiangsu, China) according to the manufacturer's instructions. 

Transient transfection with Nrf2 expression plasmid and 
siRNA 

The expression vectors for the dominant positive Nrf2 (PEF- 
NRF2) and the empty vector (PEF) were kindly provided by Dr. 
Shinya Ito (The Hospital for Sick Children, Toronto, Canada) 
[21]. Transient transfection of HepG2 cells was carried out using 
Lipofectamine 2000 following the manufacturer's instructions. For 
six-well plates, the HepG2 cells, at approximately 80% confluence, 
were transfected with 1.5 ug PEF_NRF2 or PEF for 24 h, 
followed by Western blot analysis to determine the level of Nrf2 
over-expression, or treated with triptolide. 

Negative control siRNA and siRNA targeting human Nrf2 (5'- 
GAGAAAGAAUUGCCUGUAAdTdT-3' and 3'-dTdT CU- 
CUUUCUUAACGGACAUU-5') were obtained from Ribo 
(Guangzhou, Guangdong, China). HepG2 cells were transiendy 
transfected with 50 nM of negative control siRNA or Nrf2 siRNA 
mixed with Lipofectamine 2000 according to the manufacturer's 
instructions. At 48 h after transfection, the cells were either 
harvested for Western blot analysis or treated with triptolide. 

Animals 

Male BALB/C mice (6 weeks) were perchased from the 
Laboratory Animals Center of Sun Yat-sen University, Guangz- 
hou, China. All mice were kept in a specific pathogen-free animal 
facility under controlled conditions at the temperature (24±2°C), 
humidity (55 ± 15%), with a 12-h light-dark cycle. Food and water 
were provided ad libitum. 

Experimental protocol 

To investigate the protective effect of SFN on triptolide-induced 
hepatotoxicity, 24 mice were randomly assigned to the following 
four groups: (1) control group; (2) SFN group (25 mg/kg); (3) 
triptolide group (1.0 mg/kg); (4) SFN (25 mg/kg) plus triptolide 
(1.0 mg/kg) group. Compounds were administered through 
intraperitoneal (i.p.) injection. The mice in the second and fourth 
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Table 1. Primer sequences for PCR amplification. 





Gene 


Species 


Type 


Sequence 


Nrf2 


Human 


Forward Primer 


5 '-CGCAG ACATTCCCGTTTGTAGA-3 ' 






Reverse Primer 


5 '-GTGACCGGG AATATCAGG AACAAG-3 ' 


NQ01 


Human 


Forward Primer 


5 '-GTGGCAGTGGCTCCATGTACTC-3 ' 






Reverse Primer 


5 '-CTTGGAAGCCACAGAAATGCAG-3 ' 


GCLC 


Human 


Forward Primer 


5 '-TTCCTGG ACTG ATCCCAATTCTG-3 ' 






Reverse Primer 


5 '-CTCATCCATCTGGCAACTGTCATTA-3 ' 


HO-1 


Human 


Forward Primer 


5 '-TTGCCAGTGCCACCAAGTTC-3 ' 






Reverse Primer 


5 '-TCAGCAGCTCCTGCAACTCC-3 ' 


GAPDH 


Human 


Forward Primer 


5 '-GCACCGTCAAGGCTG AG AAC-3 ' 






Reverse Primer 


5'-TGGTGAAGACGCCAGTGGA-3' 


NQOI 


mouse 


Forward Primer 


5 '-CAGCCAATCAGCGTTCGGTA -3' 






Reverse Primer 


5'-CTTCATGGCGTAGTTGAATGATGTC -3' 


GCLC 


mouse 


Forward Primer 


5 '-CAGTCAAGG ACCGGCACAAG -3' 






Reverse Primer 


5'- CAAGAACATCGCCTCCATTCAG-3' 


HO-1 


mouse 


Forward Primer 


5 '-TGCAGGTGATGCTG ACAG AGG -3' 






Reverse Primer 


5'- GGGATGAGCTAGTGCTGATCTGG -3' 


GAPDH 


mouse 


Forward Primer 


5 '-TGTGTCCGTCGTGG ATCTG A -3' 






Reverse Primer 


5 '-TTGCTGTTGAAGTCGCAGG AG -3' 



doi:1 0.1 371 /journal.pone.01 00685.t001 



groups were injected with SFN 12 h before, 0.5 h before and 12 h 
after the injection of triptolide. In all treated groups, mice were 
anesthetized 24 h after triptolide injection and blood samples were 
collected for serum biochemical assays. Livers were removed and 
weighed immediately. For histopathological examination, one 
lobule of the liver was fixed in 10% formalin. The remaining parts 
of the liver were collected for biochemical analysis. 

Biochemical assays 

Serum samples were assayed for alanine transaminase (ALT), 
aspartate transaminase (AST), alkaline phosphatase (ALP) and 
LDH by using commercially available enzymatic assay kits 
(Leadman Group Co., Ltd., Beijing, China). 

Tissue Processing and Staining 

The specimens were immersed in a formaldehyde solution 
for 24 hours. The recipe for formaldehyde solution is 10% of a 
37-40% formaldehyde and 90% of a 0.01 mol/L pH 7.4 PBS. 
After fixation, the specimens were transferred to 70% ethanol 
and kept there until processed. The specimens were processed 
through graded alcohols, cleared in Van-clear (substitute for 
xylene) and embedded in paraffin. Sections of 3 u,m were cut 
and stained with hematoxylin & eosin for overall morpholog- 
ical evaluation. 

Antioxidant enzymes 

Activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione S-transferase (GST) and glutathione peroxidase(GPx) 
of homogenized liver were measured using commercial kits 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, 
China). GSH was also measured using a GSH Detection Kit 
(Nanjing Jiancheng Bioengineering institute, Nanjing, Jiangsu, 
China) according to the manufacturer's instructions. 



Western blot analysis 

Cytoplasmic and nuclear extracts were prepared using a 
Nuclear Extract kit (Active Motif, Carlsbad, CA, USA) according 
to the manufacturer's recommendations. Equivalent amounts of 
protein were separated by 12% SDS-polyacrylamide gel electro- 
phoresis and transferred to polyvinylidene difluoride membranes 
(Millipore Co., Billerica, MA, USA). After being blocked in 5% 
non-fat milk in TBST [10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 
0.1% Tween 20] for 2 h at room temperature, the membranes 
were incubated with the appropriate primary antibodies at 4°C 
overnight. The immunoblots were then incubated with a 
secondary antibody conjugated with horseradish peroxidase for 
1 h at room temperature. The membranes were developed using 
an electrochemiluminescence (ECL) kit (Thermo Scientific/Pierce, 
Rockford, IL, USA) according to the manufacturer's protocol. The 
signals were detected by a chemiluminescence detection system 
(Bio-Rad Laboratories, Hercules, CA, USA). The density of the 
immunoreactive bands was analyzed using ImageJ 1.41 (National 
Institutes of Health, Bethesda, Maryland, USA). 

Quantitative real-time PCR analysis 

Total RNA was prepared using the RNAiso Plus (TaKaRa, 
Japan) according to the manufacturer's protocol. The quantity and 
purity of RNA were assessed by absorbance at 260 and 280 nm. 
The cDNA was prepared from the total RNA (1 u,g) with a reverse 
transcriptase(RT) Primer Mix using the PrimeScript RT reagent 
Kit with gDNA Eraser (TaKaRa, Japan) according to the 
manufacturer's instructions. The primers for real-time PCR 
analysis were listed in Table 1 . The subsequent PCR amplification 
was carried out on a LightCycler 2.0 system (Roche Diagnostics, 
Basel, Switzerland) using 40 or 45 cycles of 95°C for 5 s and 60°C 
for 20 s. (3-actin was used as an internal control. Fold changes, 
expressed as the mean ± standard deviation (SD), were calculated 
for the treated groups versus the vehicle control using the 2~ AACT 
method. 
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Statistical analysis 

SPSS vl6.0 software (SPSS Inc., Chicago, IL, USA) was 
used for the statistical analysis. The values were expressed as 
the mean ± SD. Statistical comparisons were made using 
Student's Mest and one-way analysis of variance (ANOVA), 
followed by Tukey's test. The level of significance was set at 
P<0.05 or P<0.01. 

Results 

Cytotoxicity of triptolide in HepG2 cells 

HepG2 cells were employed for investigating the potential 
toxicity of triptolide on human liver cells in vitro. After treatment 
with 10 to 640 nM of triptolide for 6, 12 and 24 h, cell viability 
was assessed using the MTT assay. As shown in Fig. 1A, the 
viability of HepG2 cells decreased in a dose- and time-dependent 
manner. The IC 50 determined after 24 h exposure to triptolide 
was 157.87 ±2.67 nM. 

The cytotoxic effect of triptolide was also demonstrated through 
measuring the LDH leakage, which is a biomarker indicating the 
integrity of the cell membrane. 24 h incubation with various 
concentrations of triptolide (from 20 to 640 nM) markedly induced 
the release of LDH (Fig. IB). 

Induction of oxidative stress by triptolide in HepG2 cells 

It has been reported that oxidative damage might be a possible 
mechanism for triptolide-induced hepatotoxicity [15]. To deter- 
mine the effects of triptolide on oxidative stress markers involving 
generation of ROS and intracellular GSH levels, HepG2 cells 
were exposed to various concentrations of triptolide for 6 h. As 
shown in Fig. 2A, the intracellular ROS was increased by 44.6, 
93.0, 195.0 and 310.3% at 10, 20, 40 and 80 nM triptolide, 
respectively. Triptolide significantly reduced the intracellular levels 
of GSH in a dose-dependent manner, with 80 nM triptolide 
resulting in the most severe depletion (Fig. 2B). These results 
indicated that triptolide could induce oxidative stress in HepG2 
cells. 



Protection against triptolide-induced cytotoxicity by Nrf2 
in HepG2 cells 

Since Nrf2 is regarded as one of the most important regulators 
in the cell to counteract oxidative stress [16], the role of Nrf2 in 
triptolide-induced cytotoxicity was evaluated in an Nrf2 overex- 
pression model to find out whether Nrf2 could attenuate 
triptolide-induced cytotoxicity. HepG2 cells were transiently 
transfected with either Nrf2 expressing plasmid or scrambled 
plasmid, treated with various concentrations of triptolide (from 1 0 
to 80 nM) for 24 h and subjected to MTT analysis. The 
efficiency of Nrf2 overexpression at the protein level was assayed 
by western blotting (Fig. 3A). As shown in Fig. 3B, Nrf2 
significantly attenuated triptolide-induced cytotoxicity in HepG2 
cells, which suggested a protective role of Nrf2 in triptolide- 
induced hepatotoxicity. 

To confirm the cellular protection of Nrf2 against triptolide- 
induced hepatotoxicity, siRNA was used to silence Nrf2 in HepG2 
cells.As shown in Fig. 3C, siRNA-Nrf2 transfection led to a 
knockdown of Nrf2 protein as determined by Western blot 
analysis. Nrf2 knockdown significantly increased triptolide- 
induced viability reduction in HepG2 cells (Fig. 3D). Morpholog- 
ical analysis also revealed a more severe toxic effect of triptolide in 
Nrf2 knockdown cells compared with the control cells (Fig. 3E). 
These combined results indicate that Nrf2 knockdown is 
correlated with high susceptibility to triptolide-induced toxicity 
in HepG2 cells. 

To further explore whether the enhanced cytotoxicity of 
triptolide induced by Nrf2 knockdown was relative to oxidative 
stress, intracellular levels of GSH and ROS after triptolide 
(from 10 to 80 nM) treatment were determinded in both Nrf2 
knockdown cells and control cells. As shown in Fig. 4A, after 
triptolide treatment, intracellular GSH decreased dose-depen- 
dently in both type of cells, and were at lower levels in Nrf2 
knockdown cells compared with that of control cells treated 
with the same concentration of tripotlide. Nrf2 knockdown 
cells produced higher levels of ROS than control cells, and 
both of them displayed a dose-dependent manner (Fig. 4B). 



A B 




t-iptoiide (nM) triptolide (nM) 



Figure 1. Triptolide induces cytotoxicity in HepG2 cells. (A) HepG2 cells were treated with triptolide at various concentrations for 6, 12 and 
24 h. Cell viability was determined by an MTT assay. The viability of the cells without triptolide treatment is defined as 100%. (B) HepG2 cells were 
treated with triptolide at various concentrations for 24 h. LDH leakage was measured. The data are represented as the mean ± SD from three 
independent experiments. *P<0.05, **P<0.01 versus vehicle control (0.1% DMSO). 
doi:10.1371/journal.pone.0100685.g001 



PLOS ONE | www.plosone.org 



4 



July 2014 | Volume 9 | Issue 7 | e100685 



Role of Nrf2 in Triptolide-lnduced Hepatotoxicity 



B 





triptolide (nM) 



triptolide (nM) 



Figure 2. Triptolide induces oxidative stress in HepG2 cells. HepG2 cells were treated with triptolide at various concentrations for 6 h. The 
levels of intracellular ROS (A) and GSH (B) were measured respectively using the fluorescent probe DCFH-DA and a GSH Detection Kit. The data are 
represented as the mean ± SD from three independent experiments. *P<0.05, **P<0.01 versus vehicle control. Con: control (0.1% DMSO). 
doi:1 0.1 371 /journal.pone.01 00685.g002 



These results indicated that the enhanced cytotoxicity of 
triptolide produced by Nrf2 knockdown is possiblely due to the 
reduced capacity of HepG2 cells against oxidative stress. 



Protective effect of SFN on triptolide-induced liver injury 
in BALB/C mice 

To verify the protective effect of Nrf2 activation on triptolide- 
induced hepatotoxicity in vivo, and to seek a potential theraputic 
strategy, we established an animal model of acute liver injure 



PEF PEF-Nrf2 





si -control si-Nrf2 






0 01% DMSO 10 



Figure 3. The role of Nrf2 in the protection against triptolide-induced cytotoxicity in HepG2 cells. Overexpression experiments (A, B): 
HepG2 cells were transiently transfected with PEF or PEF_NRF2 plasmids. The cells were treated 24 h later with triptolide at various concentrations for 
24 h. (A) Western blot analysis of Nrf2 expression 24 h after transfection. Expression of p-actin was used as an internal control. Representative blots 
from three independent experiments are shown. The density of the immunoreactive bands was analyzed, and the data are represented as the means 
± SD. (B) Cytotoxicity was determined by an MTT assay. The data are represented as the mean ± SD from three independent experiments. 
Knockdown experiments (C, D, E): HepG2 cells were transiently transfected with control siRNA or siRNA targeting Nrf2. The cells were treated 48 h 
later with triptolide at various concentrations for 24 h. (C) Western blot analysis of Nrf2 expression 48 h after transfection. Expression of p-actin was 
used as an internal control. A representative blot from three independent experiments is shown. The density of the immunoreactive bands was 
analyzed, and the data are represented as the means ± SD. (D) Cytotoxicity was determined by an MTT assay. The data are represented as the mean 
± SD from three independent experiments. (E) Morphological changes in normal and Nrf2 knockdown HepG2 cells treated with triptolide (20 nM) 
were observed under an inverted phase contrast microscope (100x, Olympus, Japan). The representative results from three independent 
experiments are shown. *P<0.05, **P<0.01 versus control cells treated with the same concentration of triptolide. 
doi:1 0.1 371 /journal.pone.01 00685.g003 
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triptolide (nM) 



triptolide (nM) 



Figure 4. siRNA-Nrf2 enhances triptolide-induced oxidative stress in HepG2 cells. HepG2 cells transfected with siRNA-control or siRNA- 
Nrf2 were treated with triptolide at various concentrations for 6 h. (A) Levels of intracellular GSH were measured. (B) The intracellular ROS levels were 
measured using the fluorescent probe DCFH-DA.The data are represented as the mean ± SD from three independent experiments. *P<0.05, **P< 
0.01 versus vehicle control; *P<0.05, **P<0.01 versus si-control cells treated with the same concentration of triptolide. Con: control (0.1% DMSO). 
doi:10.1371/journal.pone.0100685.g004 



induced by triptolide and investigated the effect of SFN, a typical 
Nrf2 agonist, on triptolide-induced liver injury. 

As shown in Table 2, in the triptolide-treated group, serum 
activities of AST, ALT and LDH increased 9. 1-, 9.8- and 3.0- fold, 
respectively (P<0.01). In contrast, administration of SFN in the 
triptolide-treated group significantly reduced triptolide-induced 
increase of serum AST, ALT and LDH activities (P<0.01). 
Treatment with SFN alone did not affect the activities of AST, 
ALT and LDH. 

Histopathological analysis of livers showed severe hepatocellu- 
lar hydropic degeneration (green arrows) and necrosis (red 
arrows) which occurred in triptolide alone treated mice but not 
in control animals. The levels of hepatocellular hydropic 
degeneration and necrosis were significantly decreased in the 
SFN plus triptolide treated group (Fig. 5). Taken together, these 
results indicate that SFN is able to prevent triptolide-induced 
liver injury in mouse. 



Protective effect of SFN on triptolide-induced oxidative 
stress in BALB/C mice liver 

Oxidative stress was quantified through measuring enzyme 
activities of SOD, CAT, GST, GPx and levels of GSH in liver 
tissue homogenates. Significant reduction in the activities of SOD 
(P<0.()5), CAT (P<0.01) and GST (P<0.01) were found in 
triptolide-treated group when compared with those of the control 
group. SFN treatment resulted in a significant increase in the 
activities of SOD, CAT and GST. GPx activity was also decreased 
in triptolide-treated mice, but there was no statistically significant 
difference {P>0.05). Concentrations of GSH in the liver were 
significandy lower with triptolide treatment compared with control 
(P<0.01). This decrease was significantly increased by SFN 
treatment (P<0.01) (Table 3). 

Effect of SFN on Nrf2-ARE activation in BALB/C mice liver 

To explore the potential mechanisms implied in the protective 
effect of SFN on triptolide-induced liver injury, we determined the 



Table 2. Effect of triptolide and SFN on ALT, AST, ALP and LDH in BALB/C mice. 





Parameters 


Groups 








Con 


SFN 


TP 


SFN+TP 


AST (U/L) 


154.7±32.3 


170.2 ±36.9 


1404.3±457.0 b 


171.2+41.2' 


ALT (U/L) 


45.7±6.3 


65.9±22.5 


447.2±105.9 b 


97.2±29.1 a ' c 


ALP (U/L) 


263.2 ±24.9 


232.6±33.8 


184.5±29.2 


183.2 ±30.1 


LDH (U/L) 


1455.3±103.0 


1699.0±365.2 


4395.7±286.5 b 


1221.3±130.6 C 



Mice were given vehicle control, SFN (25 mg/kg), TP (1.0 mg/kg), SFN (25 mg/kg)+TP (1.0 mg/kg) by intraperitoneal injection. Mice were sacrificed under anesthesia 

24 h after triptolide treatment. Values are expressed as mean ± SD. n = 6. 

a P<0.05 compared to the control group. 

b P<0.01 compared to the control group. 

C P<0.01 compared to the triptolide-treated group. 

doi:10.1371/joumal.pone.0100685.t002 
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(C) TP (D) SFN+TP 



Figure 5. Photomicrographs of hematoxylin and eosin-stained 
liver sections. Mice were sacrificed 24 h after triptolide treatment. 
Livers were collected for histological examination. Tissues were 
sectioned at 3-um intervals and then stained with hematoxylin and 
eosin for light microscopic analysis (x100). The photomicrographs are 
of livers obtained on (A) Con group, (B) SFN group, (C) TP group, (D) 
SFN+TP group. Green arrows indicated hepatocellular hydropic 
degeneration, red arrows indicated necrosis. 
doi:1 0.1 371 /journal.pone.01 00685.g005 

nuclear accumulation of Nrf2 by Western blot. Fig. 6 showed that 
the accumulation of Nrf2 in the nuclear fraction was slightly 
higher in the livers of triptolide-treated mice than that of the 
control mice (P>0.05). The Nrf2 accumulations in the liver 
nuclear fraction were significandy increased in SFN-treated group 
and in the combined treatment group, as compared with vehicle 
control group (P<0.05). 

To confirm the effects of SFN on Nrf2-related downstream 
targets, we analyzed liver tissues by 0_-PCR and Western blot. 
Fig. 7A showed that SFN treatment caused dramatic increases in 
NQOl (P<0.01), HO-1 (P<0.01) and GCLC (P<0.05) mRNA 
levels. Moreover, the protein levels of NQOl, HO-1 and GCLC 
were significantly increased in SFN treated group and in the 
combined treatment group (Fig. 7B). These results indicate that 
Nrf2 activation is involved in the protective effect of SFN on 
triptolide-induced liver injury. 



Table 3. Effect of triptolide and SFN on activities of antioxii 



Role of Nrf2 in Triptolide-induced Hepatotoxicity 



Con SFN TP SFN+TP 




Con SFN TP SFN+TP 



Figure 6. Effect of triptolide and SFN on nuclear levels of Nrf2 
in livers of BALB/C mice. Nuclear protein lysates were made from 
livers of mice from different experimental groups and subjected to 
Western blot analysis using the indicated antibodies. The histone H3 
was used as an internal control. A representative blot from three 
independent experiments is shown. The density of the immunoreactive 
bands was analyzed, and the data are represented as the means ± SD; 
n = 6; *P<0.05 versus Con group. 
doi:1 0.1 371/journal.pone.01 00685.g006 

Discussion 

Triptolide, one of main active components in Chinese medicinal 
herb TWHF, has exihibited various pharmacological activities. 
However, multiple organ toxicity of triptolide, especially its 
hepatotoxicity, limits its clinical application to a great extent. 
Until recently, the hepatotoxicity of triptolide has not been well 
characterized. In this study, we found that triptolide caused 
oxidative stress and cell damage in HepG2 cells, and revealed the 

enzymes in liver of BALB/C mice. 





Parameters 


Groups 










Con 


SFN 


TP 


SFN+TP 


SOD (U/mg prot) 


18.7±0.8 


19.4±0.8 


8.8±3.2 b 


13.8±0.9 b ' d 


CAT (U/mg prot) 


72.9±5.9 


64.7 ±16.7 


38.4±6.8 a 


66.5±17.7 C 


GST (U/mg prot) 


184.0±11.8 


197.8±12.9 


157.2±4.0 a 


194.3±3.4 d 


GPx (U/mg prot) 


1429.8 ±76.3 


1532.3± 178.0 


1250.7±53.8 


1465.2± 122.2 


GSH (mg/g prot) 


28.8±1.9 


30.9±1.1 


19.2±0.4 b 


30.6±0.6 d 



Mice were given vehicle control, SFN (25 mg/kg), TP (1.0 mg/kg), SFN (25 mg/kg)+TP (1.0 mg/kg) by intraperitoneal injection. Mice were sacrificed under anesthesia 

24 h after triptolide treatment. Values are expressed as mean ± SD. n = 6. 

a P<0.05 compared to the control group. 

b P<0.01 compared to the control group. 

C P<0.05 compared to the triptolide-treated group. 

d P<0.01 compared to the triptolide-treated group. 

doi:10.1371/joumal.pone.0100685.t003 
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A B 




Con SFN TP SFN+TP Co n SFN TP SFN+TP 



Figure 7. Effects of triptolide and SFN on Nrf2-related downstream targets in livers of BALB/C mice. (A) The mRNA levels of NQ01, GCLC 
and HO-1 were analyzed by real-time PCR. GAPDH was used as an internal control. The data are represented as the mean ± SD; n = 6; *P<0.05, **P< 
0.01 vs Con group. (B) The protein levels of NQ01, GCLC and HO-1 were analyzed by Western blot, p-actin was used as an internal control. A 
representative blot from three independent experiments is shown. The density of the immunoreactive bands was analyzed, and the data are 
represented as the means ± SD; n = 6; *P<0.05, **P<0.01 versus Con group. 
doi:1 0.1 371 /journal.pone.01 00685.g007 



protective role of Nrf2 in triptolide-induced cytotoxicity. Further- 
more, we provided evidence with an animal model confirming the 
protective effect of Nrf2 activation against triptolide-induced 
hepatotoxicity. The results showed that triptolide-induced liver 
injury was significandy alleviated after administration of SFN, a 
typical Nrf2 agonist, which suggested that SFN could be used as a 
promising agent in protecting livers from triptolide-induced 
damages. 

The present study focused on oxidative stress, which has been 
implicated in the hepatotoxicity of triptolide [13]. Nrf2 is a cellular 
sensor of chemical-induced oxidative stress and functions to 
restore homeostasis by up-regulating antioxidant, xenobiotic- 
metabolizing, and other cytoprotective enzymes [22]. The role 
of Nrf2 in the liver has been reported, as livers of Nrf2-null mice 
are more susceptible to various chemical-and oxidative stress- 
induced pathologies than wild-type mice. Pharmacological activa- 
tion of Nrf2 by the use of small molecules, such as SFN, oltipraz 
and the natural triterpenoid oleanolic acid, results in hepatopro- 
tection. For example, numerous studies have revealed that 
treatment with these Nrf2 activators could decrease liver injury 
from acetaminophen, carbon tetrachloride, and cadmium [23]. 
Our previous study indicated that in a rat kidney cell line NRK- 
52E, Nrf2 was adaptively activated to protect NRK-52E cells from 
triptolide-induced toxicity by the counteraction against oxidative 
damage [20]. In this study, the similar results were observed in 
HepG2 cells (Figures SI, S2, S3). Besides, triptolide-induced 
cytotoxicity in HepG2 cells was enhanced when Nrf2 was knocked 
down by siRNA but was reduced when Nrf2 was overexpressed 
(Fig. 3-5). These results revealed the protective role of Nrf2 in 
counteraction against triptolide-induced hepatotoxicity. Moreover, 
we also found that HepG2 cells were more susceptible to 
triptolide-induced cytotoxicity than NRK-52E cells, as indicated 
by a lower IC 50 value and more severe oxidative stress status in 
HepG2 cells. 

We used an animal model to confirm the protective effect of 
SFN, an Nrf2 agonist, against triptolide-induced hepatotoxicity in 
further research. SFN is a natural dietary isothiocyanate produced 
by the enzymatic action of the myrosinase on glucopharanin, a 4- 
methylsulfinylbutyl glucosinolate contained in cruciferous vegeta- 
bles of the genus Brassica such as broccoli, brussel sprouts, and 
cabbage [24]. It shows cytoprotective properties in several in vivo 
experimental models associated with oxidative stress such as 
carbon tetrachloride-induced hepatotoxicity [25], cisplatin in- 



duced-nephro toxicity [26], and cardiac ischemia and reperfusion 
[27] ; 

Liver function was assessed by measuring the activities of serum 
biomarker enzymes (i.e. ALT, AST, ALP and LDH). The 
increased levels of ALT, AST and ALP are conventional 
indicators of hepatocellular necrosis [28]. LDH is also an indicator 
of liver injury, although it has different isoenzymes and is not liver- 
specific [29]. In the present study, triptolide-induced hepatotox- 
icity, reflected by increased ALT, AST and LDH activities was 
significandy alleviated by treatment with SFN. The failure of 
triptolide in inducing ALP might be because that ALP is a delayed 
indicator and hasn't responsed in our acute liver injury model 
[30]. Histopathology analysis of mice liver tissues also showed 
much reduced areas of hemorrhaging, necrosis, and more normal 
tissue structures in mice co-treated with SFN compared with the 
group treated only with triptolide, which is in consistent with the 
protective role of SFN against triptolide-induced cell morpholog- 
ical changes. 

Consistent with previous reports [15], triptolide exposure led to 
oxidative stress in livers of BALB/C mice as observed by 
decreased concentrations of GSH and decreased activities of 
antioxidant enzymes (SOD, CAT and GST). GSH is an 
endogenous antioxidant, which prevents damage to the cellular 
components by ROS and peroxides. SOD is an antioxidant 
enzyme involved in the scavenging of superoxide radicals; it is 
crucial to maintain the balance between ROS and antioxidant 
enzymes, which serves as a major mechanism in preventing 
damage elicited by oxidative stress. CAT protects the cells from 
oxygen-free radical damage by converting hydrogen peroxide 
formed by the detoxification of superoxide radicals to molecular 
oxygen and water before it can decompose to form the highly 
reactive hydroxyl radical [31]. GST catalyzes the conjugation of 
electrophiles generated by toxins to GSH via a sulfhydryl group; 
this activity of GST helps in accelerated metabolism and excretion 
of the electrophilic molecules. GST might also bind to the toxins 
and function as transport proteins. GPx is another crucial enzyme 
that plays an important role in protection against hydrogen and 
lipid peroxides; the decline in GPx activity is correlated with the 
increased level of ROS. Our results showed that SFN could 
remarkably increase the concentration of GSH and enhance 
activities of SOD, CAT and GST in triptolide-treated mice, and 
thus protected the liver from triptolide-induced injury. Although 
there was no significant difference in GPx activities between each 
group, a similar trend could still be observed (Table 3). 
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SFN is considered as an indirect antioxidant, and it is able to 
induce many cytoprotective proteins, including antioxidant 
enzymes, through activating Nrf2 [24]. The results of the present 
study showed that SFN treatment significandy enhanced nuclear 
translocation of Nrf2 and expression of subsequent enzymes, such 
as NQOl, HO-1 and GCLC. According to other studies, the 
mechanism for SFN action on Nrf2 might be due to its interaction 
with Keapl thiols. It is worthy to notice that nuclear accumulation 
of Nrf2 and NQOl, HO-1, GCLC expression in the triptolide- 
induced liver injury group were also slightly higher than those of 
the controls. This might be due to Nrf2 activation acting as a 
cellular adaptive response against triptolide-induced toxicity. Nrf2 
activation was initiated as soon as the subjects were challenged by 
triptolide-induced oxidative stress. However, it was unable to 
completely overcome the toxicity while the adaptively stimulated 
Nrf2 might alleviate or delay the deleterious effects of triptolide. 
This possible mechanism is in accordance with other reports 
[32,33]. 

We have demonstrated that activation of Nrf2 by its agonist 
SFN could protect against triptolide-induced hepatotoxicity in vitro 
and in vivo, but since SFN also has other biological targets besides 
Nrf2, we couldn't exclude other mechanisms implied in the 
protective effect of SFN. Further studies on the protective activity 
of SFN on triptolide induced-toxicity are still needed. 

In summary, treatment of HepG2 cells with triptolide induced 
oxidative stress, and Nrf2 acted as a defensive response against the 
triptolide-induced cytotoxicity. Nrf2 activation in vivo by SFN also 
mitigated triptolide-induced hepatotoxicity. This study provides 
new insights into the development of strategies to prevent or 
alleviate triptolide-induced hepatotoxicity. 

Supporting Information 

Figure SI Effects of triptolide on ARE-dependent trans- 
activation by Nrf2. (A) HepG2 cells were transfected with a 
pGL3 plasmid containing the ARE-motif (from the NQOl 
promoter). Eighteen hours after transfection, the cells were treated 
with triptolide (5, 10, 20 nM) for 6 h. (B) HepG2 cells were 
cotransfected with a PEF empty or a Nrf2 expression vector, and a 
pGL3-ARE plasmid. Eighteen hours after transfection, the cells 
were treated with triptolide (20 nM) for 6 h. Luciferase activity 
was determined by calculating the firefly luciferase to renilla 
luciferase ratio. Data are expressed as fold of induction of 
luciferase activity compared to vehicle control (mean ± SD; n = 3). 
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